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I. INTRODUCTION

Since the earliest days of nuclear-magnetic resonance (NMR), adiabatic
rapid passage (ARP) has been recognized as one of the more important
consequences of the transient interaction of radiation and matter (Abragam,
1961; Allen and Eberly, 1975). Basically, the effect of ARP is a population
reversal between atomic or molecular states coupled by an electromagnetic
field, when either the field or the atomic energy level spacing is rapidly
swept through the resonance condition (the resonance condition being defined
88 wy = W, with wg being the atomic resonance frequency and W the frequency
of the electromagnetic field). Quite early the conditions for its occurrence
were derived by '

d 2
0, /T, << 3¢ v, we << ] (1)

where @, and T, are the Rabi frequency and the transverse relaxation time,
respectively; these were given intuitive justification in the now classic

discussion of Powles (1958).

Powles' interpretation of the conditions for ARP is based on a Bloch
vector model of the interaction process, as illustrated in Fig, I. 1In a
rotating coordinate system the Bloch vector, describing the state of the atom,

precesses with a frequency 1 about an effective field:
Q= (uo Swglz +ugx
As the system is swept through the resonance condition, the direction of the

effective field changes by r radians. Thus, if the atom was initially in the
state corresponding to -z before passage, it will be in the state correspond-

. ing to +z after passage. The rapidity condition, expressed as the left-hand
inequality of Eq. (1), ensures that the rotation of the effective field is
fast compared to its relaxation. The adiabaticity condition, expressed as the
inequality on the right-hand side of Eq. (1), ensures the Bloch vector's

Ty
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Fig. 1. The Bloch Vector Model of ARP. R, (w, ~ w.), and w, represent
the precessional frequency of the uogh vegtot aboué the

effective field, the detuning, and the Rabi frequency,
respectively.




ability to follow the change in the effective field's direction: The pre-

cessional motion of the Bloch vector must be much faster than the motion of
the effective field., The transverse relaxation time is used in Eq. (1)},
because Ty € T; and if population reversal is to occur, the Bloch vector must
not be allowed to wander out of the rotating coordinate system xz plane.
Powles' description is thus both intuitively clear and simple, and for these
reasons has contributed greatly to the understanding of ARP.

In the present report, it is our purpose to discuss the physics of ARP
using the dressed atom model of radiative interactions; in particular, we will
consider the fully quantized dressed atom, where both the field and the atom
are quantized systems (Cohen-Tannoudji, 1977). Our aim is to obtain an
interpretation of the conditions for ARP which is as intuitively pleasing as
Powles', but one derived from a QED formalism. We will find that in the QED
formalism, the conditions for ARP can be interpreted as conditions for
minimizing the probability of dressed atomic-state transitions, and that this
probability is composed of two parts: a probability for nonadiabatic dressed
atomic-state transitions, which is completely analogous to the Landau~Zener
inelastic collision probability; and a probability for dressed atomic-state

relaxation.

Furthermore, as observed by Lau (1976), there is a similarity between the
Landau-Zener inelastic-collision problem and ARP which we will attempt to
highlight., In many cases of inelastic atomic or molecular collisions, the
process can be viewed intuitively as a transition between adiabatic states
near an avoided crossing (Tully, 1976). The adiabatic states are constructed
from molecular theory and the Born-Oppenheimer approximation, which pre-
supposes that the electronic motion of the approaching pair can adiabatically
adjust itself to changes in the internuclear separation. When the atoms
approach each other rapidly, however, this approximation breaks down, and the
~ terms in the Hamiltonian that couple the electronic and nuclear motion give

rise to transitions between the adiabatic states. Since the problem is very
difficult to handle in the adiabatic representation, Zener worked with the so-
called diabatic basis set: a set of basis vectors that minimize the off-
diagonal matrix elements of the Hamiltonian (Tully, 1976; Zener, 1932). HRe




was then able to derive an expression for the transition probability between

adiabatic states in the vicinity of an avoided crossing. By considering the
ARP problem in a dressed atom formalism, it will be possible to both demon-
strate the equivalence of the Landau-Zener inelastic-collision problem and

ARP, and take full advantage of the already derived result,




I1. DRESSED ATOM STATES AS ADIABATIC WAVEFUNCTIONS

It is well known that in the simple case of a two-level atom interacting
with a monochromatic field, the Hamiltonian for the field-atom system can be
written in terms of a fictitious spin 1/2 and the photon creation/annihilation
operators aT and a (Cohen-Tannoudji, 1977):

S + wfnta +AS, (a+ at)]

H=h [mo z

where the zero of energy for the atom is chosen midway between the two states
and the zero-point energy of the field has been neglected; Wos Wes and )
represent the energy separation between the two atomic states, the energy of a
field photon, and the interaction strength, respectively. Dressed atom
states, or adiabatic states in the language of collision processes, are
constructed by diagonalizing the Hamiltonian:

|u, 2> = cos %-Ie, n> + sin %-lg, n+ > (2a)
£, n> = — sin — e, n> + cos + |g, n+ 1D (2b)

where |[g, n + 1> and |e, n> are the unperturbed atom-field states, which

correspond to diabatic states, and

An + “1
(mo - wfj (Uo - wf)

tanf =

where (n + 1) is the mumber of photons in the unperturbed field and wy is

again defined as the Rabi frequency. The eigenfrequencies corresponding to
these dressed atom states are easily found to be

2

z,n-(n+%)"f-2(l+A)l/2

1 1,2 1/2
" n'(n+‘2-)uf+‘2‘(ul+A)

u,

and are displayed in Fig. 2 as a function of the detuning &4 (A = wg = mf).
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Fig. 2. Energy Eigenvalues of the Dressed Atom Rigenstates as a
Function of Photon Energy. Only two doublets are shown,
corresponding to n + 1 and n photons in the strong field
mode. As described in the text, we can differentiaste between
two types of relaxation processes for the dressed atom states:
intradoublet transitions (indicated by solid lines), and
interdoublet transitions (indicated by wavy lines).
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In the dressed atom model ARP occurs when the atom-field system enters
nd leaves the avoided crossing region in the same dressed atom state
Haroche, 1971). For example, if the passage starts with (wo- wf) << 0, then
;he dressed atom wavefunction Iu, n> is well approximated by Ig, n + 1>: The
itom is in its lower energy eigenstate and there are n + 1 photons in the
‘ield. After passage we have (wo- mf) >> 0 and |u, n> is well approximated by
e, n>: The atom is in its upper energy eigenstate. Thus, if the dressed
itom state does not change as the system traverses the avoided crossing

region, then
g, n+ 1>+ |e, »

which corresponds to population reversal,

It should be noted that by equating the dressed atom states of Eq. (2)
with eigenfunctions of the Hamiltonian we have assumed that A changes slowly
in timwe; this can be regarded as an optical analogue of the Born-Oppenheimer
spproximation, However, in ARP as in the inelastic-collision problem treated
by Landau and Zener, we are interested in the conditions under which this
approximation breaks down., We will therefore find it more convenient to
consider the problem in the diabatic basis, and by performing the necessary

transformation we arrive at the following wave equations:
h“’1
Hlg, n+ 1> = E1|8» D4 D+ e, n>
hwl
Hle, n> = —= g, n+ 1D+ Ezle, n>

where

E, = b [(n+ 3w, - 5]

1 A
E2 = h [(n+f)wf +—2-]

.............
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If the energy of the field's photons changes linearly in time, then

1

F(EZ-EI)-A-‘" (3) i
s and the problem is formally equivalent to the one solved by Zener (1932).
: Thus, by approaching the problem of ARP in the framework of dressed atoms, we

can immediately make contact with the problem of inelastic collisions treated
by Zener, and obtain the probability for an adiabatic passage through the

R Y

avoided crossing region:

wuz
Pyg = 1 = exp(~ 3727)

To maximize this probability we obviously want

2 _d
! 12 lal =55 lug - gl
: which is the condition expressed by the right-hand side of Eq. (1).
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ITII. RELAXATION OF THE DRESSED ATOM STATE

When the dressed atom states are constructed by quantizing the electro-
magnetic field, it is well known that for a two-level system a “"ladder” of
dressed-state doublets results. Cascades down this ladder represent the
physical proc:ts by which the field loses photons, and this often takes the
form of fluorescence into field modes other than the one strongly coupling the
two atomic states (Cohen-Tannoudji, 1977). Thus, we can consider two types of
relaxation process, which for generality we will call intra- and interdoublet
transitions; these are illustrated in Fig. 2 by the solid and wavy lines,
respectively. We should consider the interdoublet transitions as bare atom T,
processes, because in a sense they represent a “"spin-lattice™ relaxation as
defined by Bloembergen, Purcell, and Pound (1948).%2 The spin-lattice
interaction describes the process by which energy is transferred from the spin
system to a heat reservoir, and in the case of fluorescence the reservoir is
composed of all available field wodes. Similarly, we should identify the
intradoublet transitions as bare atom pure dephasing processes (1.e.,T5); they
result from a change in the phase of the atomic part of the dressed atom wave
function, and in the limit that ntc<< 1 (where " is the time interval over
which the intradoublet transition interaction acts), there is no exchange of
energy with the fluorescent field modes (Reynaud and Cohen-Tannoudji,

1982).b This is not to imply, however, that intradoublet transitions do not
require energy. When these transitions result from dephasing collisions, an
energy exchange occurs with the kinetic energy of the colliding atoms.

8The bare atom picture corresponds to the diabatic basis set discussed
herein. PFor a comparison between the bare atom and dressed atom descriptions
of radiative interactions, the reader is referred to Berman and Salomaa
(1982).,

bre 1s interesting to note that when this condition is violated (w,rt_. > 1),

one would expect the intradoublet transition rate to take on the meaning
of the T,, in Redfield's modified Bloch equations (Redfield, 1955).
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Recently, Reynaud and Cohen-Tannoudji (1982) ha" . :onsidered the problem

of dressed atom relaxation in some detail. 1In particular, they have
considered the important special case of fluorescence (with a rate I') as the
interdoublet transition mechanism, and atomic dephasing collisions (with a
dephasing rate y) as the intradoublet transition mechanism. 1In what follows
we draw heavily on their results in developing a2 simple, approximate means of
including in the probability for ARP the effects of these relaxation
mechanisas.

It is important to realize that not all the transitions they considered
need to be regarded as relaxation transitions in the present problem. In ARP
we are only concerned with the probability of emerging from the avoided
crossing region of Fig. 2 in a particular unperturbed atomic eigenstate (i.e.,
e, n>). Thus, if we define °un,un and °zn,zn as the density matrix elements
for the states |u, n> and Iz. r>, respectively, then the quantity of interest
is

nu & %un,un

(a similar quantity can be defined as n‘). Thus, transitions like |u, n> +
lu, n - 1> have no effect on nu. and therefore do not behave like relaxation,

We assume that the dressed atom starts the passage in the |u, n> eigen-
state with (uo - mf) << 0 ({i.e., |u, n> = |g, n+ 1>). For a particular
detuning A, the evolution of nu is governed by the equation

SN = 2w+ T, +T, ) B (E) + (waT ) (4)

where w 18 the intradoublet transition rate (w = 10%/2(»% + Az)] and the T

ij
are the interdoublet transition rates as illustrated in Fig. 2:

2)1/2

,
T, = Fl(u] +

- A]zlb(uf + 8%

ut
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and

- Ty ™ r[(wf +8H12 A]zlé(wf + 1%

L

1f we now let A be a function of time (A = |a| t), but choose |a| small enough
s~ that the passage is adiabatic, then Eq. (4) is a linear differential
equation with nonconstant coefficients describing the effects of relaxation

on n“(t) as the field is swept through resonance. The problem of the present
section is to compute nu(t) at some time T after the passage: t will determine
the instant that the field has swept through the "range” of the avoided
crossing region, to be defined later, so that nu(t) will approximate the
probability for population reversal when relaxation alone is considered.

Integrating Eq. (4) formally with the boundary condition nu(- @) =], we
have for nu(r) the equation

T T
=1+ - + +
B (1) =1 {- (w+r ddt {. (w+rT  +T, )0 () de (5)
This equation can be solved to arbitrary precision by the method of successive
iterations. However, for the present problem we are primarily concerned with
situations for which nu(t) remains nearly constant throughout the entire
passage. Thus, & first approximation is adequate for our purposes, in which

case the equation for nu(r) becomes

T
M) =1 =) (w+ o) dt

-

Substituting for w and r‘u and performing the integration one obtains

2 1/2]

®
1 r * -1 (lajr r 2 2
]“(t)-l-m(y-i)[-f*t.n (‘l:’-ll—)]-'z-l?r[|¢|‘t+(¢lt +Hl)
We nov determine the range of the avoided crossing region by
defining § as the frequency interval about w, over which the doublet

separation roughly doubles. We note that this definition is equivalent to




that of Levine and Bernstein (1974), except that they were considering the

range of an avoided crossing region between two potential energy curves of a
colliding pair of atoms. We thus find that

lajr = )
and
o k)
N()el-erar(Ety) =1 ==t (6)
u Bla] 2V Y alT,

where T, is the total dephasing time for the bare atom. In order to minimize
the probability of relaxation during the passage through the avoided crossing

region, we therefore require
w0, /T, > |a| = d o, - o}
172 dt "o f

which is equivalent to the left-hand side in Eq. (1).

It is interesting to note that a similar expression for nu(r) can be
obtained in a less precise, but possibly more intuitive, fashion. We assume
that the decay of a dressed atoﬁﬁatate can be adequately described in the
vicinity of the avoided crossing region by the rate l/Tz (we use the total
dephasing rate, so both intra- and interdoublet transitions relax the dressed
atom states), so that the probability of finding the dressed atom in any one
of the |u, n> eigenstates after a time t 1s

nu(r) = cxp(-tlrz)
For a passage described by Eq. (3), assigning the width § to the avoided

crossing region, the probability for a dressed etom to enter and leave the
avoided crossing region in one of the In, n> eigenstates is then

1,(1) = c:p(-T;:h;) -] --E-}f;

for w,/T, <« la], which 1s of the same order of magnitude as Eq. (6).
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IV. APPROXIMATE FORMULA POR THE DEGREE OF POPULATION REVERSAL IN ARP

The preceeding discussion has shown that the standard conditions of
achieving ARP can be interpreted as conditions for minimizing the probability
of dressed atomic-state transitions caused by nonadiabaticity and
relaxation. However, it 1slinportant to note that the two probabilities P4
and nu(r) were derived under contradictory assumptions regarding the magnitude
of the sweep rate [a|: In deriving P,y we essentially assumed that the
passage was fast enough so that relaxation could be ignored, while in
deriving nu(z) we explicitly assumed adisgbaticity of the passage. Thus, these
two probabilities should be viewed as limiting forms of a more general
probability for ARP, P,pp, Wwhich describes the passage when both
nonadiabaticity snd relaxation are important.

Unfortunately, a rigorous closed-form expression for P,pp 18 difficult to
obtain; furthermore, if the closed-form expression is too complex, the
relevant physics may be obscured. Lau (1976) has analyzed ARP, including
relaxation effects, within a semiclassical dressed atom model. He found that
as time progresses after the field frequency has swept through resonance, the
probability of ARP assumes a particularly simple form. The probability may be
separated into two independent factors — one dealing with the adiabaticity of
the passage, equivalent to our P ,; the other, depending parasetrically on the
relaxation rates, describing the effects of relaxation, With this result in
mind, we assume that P,p, for the fully quantized dressed atom model is
amenable to a similar factorization. Specifically, we approximate Parp bY the
product of P, and n“(t):

(] '“2
P = (1 ':ra‘lrf;) [1- .xp(-m-;_)] %))

.The value of such an expression will not lie in the high accuracy of its
predictions, but in its ability to estimate the physical characteristics of
the phenomenon on the “back of an envelope.”

15
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As a particular example of the utility of Eq. (7), and in order to get
some idea of its accuracy, we consider the case of a two-level atom with
density matrix elements 088 and Cce for the lower and upper unperturbed atomic
eigenstates, respectively, prior to passage. Since the strong field is con-
sidered far from resonance (wo - 0 << 0), the dressed atom density matrix

elenents are given by nu =g - and ll’. " Oge® After the passage through reson-
snce (uo - o, > 0), the density matrix elements will have been altered, so
that

n", - °e'e « Pmo“ + (1 - Pm)oee (8a)
and
lli = °ég . Pmoee + (1- Pm)agg (8b)

Obviously, if the density matrix is normalized prior to the passage, it

renains normslized after the passage, as can be seen by Eq. (8). Defining the
degree of population reversal as the fraction of atoms transferred from the -
atomic ground state to the atomic excited state, i.e.,

P
F Oce /a“

we find that

[ ]
F=P,__+(1-P )22 (9)
ARP AIPcu

As discussed by Camparo and Frueholz (1983), the Rabi frequency and re-
laxation rates are usually determined by experimental conditions and limita-
tions. One is then forced to vary |a| in order to increase the degree of
population reversal. The approximste optimum value of |c| can be found by
setting the derivative of P,pp with respect to |a| equal to zero. One then
finds that for rapid passages
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laly = 353 0+ &,1,73)

for which the probability of ARP becomes

Papp = (X = 20Q1 + X)]/(1 + x) (10)

with
X & (-g-)ul'l‘z

This probability then determines the maximum degree of population reversal,

’lnx'

In Fig. 3 the dotted line 1s a plot of F,,, as a function of normalized
Rabi frequency msz, computed using Eqs. (9) and (10); the initial conditions
were chosen so that oee/o88 = 0,27, We have also performed numerical calcu-
lations of F,,, using a bare atom, two-level density matrix approach (Camparo
and Frueholz, 1983). These solutions are displayed as the solid line in Fig.
3. Considering the approximations made in obtaining the closed-form solution,
the agreement is rather good; for this particular example the error
vas ~10%Z. More important, however, the simple closed-form solution provides a

clear intuitive picture of the ARP process.
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V. SUMMARY

We have shown that a powerful and intuitive approach to adiabatic rapid
passage is obtained by using a dressed atom description of the process.
Optical analogues of atomic collision processes become quite clear in this
description, especially analogues of the Born-Oppenheimer approximation and
its violation in the Landau-Zener problem of nonadiabatic transitions. We
thus interpret the conditions of ARP as conditions for minimizing the prob-
ability of dressed atomic-state transitions during the passage through reson-
ance. PMurthermore, we were able to use these probabilities to estimate the
degree of population reversal that occurs as a result of ARP, and the agree-
ment with a more accurate treatment of the problem was seen to be quite rea-

sonable.

It is appropriate to mention again that much of the groundwork for this
interpretation has been laid by the studies of Reynaud and Cohen-Tannoudji
(1982), Borwitz (1975), and Lau (1976). Reynaud and Cohen-Tannoudji have con-
sidered the mechanisms of intra- and interdoublet transitions, and Horwitz and
Lau have analyzed the nature of adiabaticity in ARP. The present work pro-
vides a synthesis of their results as applied to ARP in the fully quantized
dressed atom. The strength of the fully quantized dressed atom approach to
this problem, rather than the seaiclassical dressed atom approach as
considered by Lau (1976), is that the distinction between bare atom T; and
pure bare atom T,' relaxation processes is manifestly clear. In our opinion
this allows a better intuitive understanding of the way relaxation enters the
problem.

Finally, we wish to point out that the similarity of the ARP problem and
the collisional problem treated by Zener is not simply a coincidence of the
*Qor- of certain mathematical equations. Rather, it indicates the underlying
{mportance and generality of the adisbatic theorem of quantum mechanics
(Messish, 1961). Both problems deal specifically with the condition of valid-
ity of this theorem, and the consequences of its violation; they simply couch
the condition and consequences in terms of different physical variables.

19




T .

1.

2.

3.

5.

6.

8.
9.
10.

11.

12.

13.

l4.

15.

)

B L B R A Mt

Pd

..............

REFERENCES

Abragam, A., The Principles of Nuclear Magnetism (Oxford: Oxford
University Press, 1961), pp. 34-36.

Allen, L. and J. H. Eberly, Optical Resonance and Two-Level Atoms (New
York: John Wiley and Soms, 1975), pp. 72-77.

Berman, P. R. and R. Salomaa, Phys. Rev., A 25, 2667 (1982).

Bloembergen N., E. M. Purcell, and R. V. Pound, Phys. Rev. 73 (1948) 679.

Camparo, J. and R. Frueholz (1983) (manuscript submitted to Phys. Rev.
A).

Cohen-Tannoudji, C., Frontiers in Laser Spectroscopy, Les Houches Summer
School, 1975, eds. R. Balin, S. Haroche, and S. Liberman (Amsterdam:
North-Holland, 1977).

Haroche, S., Ann. Phys., 6, 189 (1971).
Horwitz, P., Phys. Lett. 26, 306 (1975).
Lau, A. M. F., Phys. Rev. A 14, 279 (1976).

Levine, R. D. and R. B. Bernstein, Molecular Reaction Dynamics (New York:
Oxford University Press, 1974), pp. 176-178.

Messiah, A., Quantum Mechanics, Vol. I1 (New York: John Wiley and Sons,
1961), p. 740.

Powles, J. G., Proc. Phys. Soc. 71, 497 (London, 1958).

Reynaud, S. and C. Cohen-Tannoudji, J. de Phys. 43, 1021 (1982).

Tully, J. C., D cs of Molecular Collisions, Part B, ed. W, H., Miller
(New York: Plenum, 1976).

chet, C., Proc. lg!o Soc. 137’ 696 (1932)0

21

.........
- . ' J T R N
*~."s’ ! A '..' - 0




DAL DI el Al vl e e ARG A AR e it it S bt e Saai Mty S-Sy gl it Sl Sh it Ariih Se-m dhnne Ban e o4 —T———— —

LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation 1s conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military space systems. Versatility
and flexibility have been developed to a high degree by the laboratory person~
nel in dealing with the many problems encountered in the nation's rapidly
developing space systems, Expertise in the latest scientific developments is
vital to the accomplishment of tasks related to these problems. The labora-
tories that contribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development

including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, program tramnslation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault~tolerant computer systems, artificial intelligence and
microelectronics applications.

Electronics Research Laboratory: Microelectronics, GaAs low noige and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research,

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray phys-

ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronoamy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnet{c and particulate radiations on epace systems; space
instrumentation.
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